H, 2-7; N, 1-85; Br, 29-1. C32H2009NBr3 requires C, 47-9;
man and the chimpanzee, have now also been reported in rats, rabbits and chickens (Hiratani, 1957) . The conjugation of xanthurenic acid with serine has been reported in rats (Rothstein & Greenberg, 1957) . The ornithine conjugation has hitherto been found only in birds, where ornithuric acids result from the detoxication of benzoic acid (Jaffe, 1877) .
It has sometimes been suggested that reptiles might also form ornithuric acids since other aspects of their nitrogen metabolism are similar to those of birds (Baldwin, 1948; Sahyun, 1948) . The limited data available, however, appear to indicate the operation of the more usual glycine conjugation in reptiles. Thus Komori et al. (1926) isolated hippuric acid from the urine of an unidentified chelonian after feeding sodium benzoate. In an early report Schiff (1859) also stated that hippuric acid crystals had been recognized in the urine of Te8tudo tabulata. Khalil (1947 Khalil ( , 1948a Khalil ( , b, 1951 has quoted analyses for hippuric acid, measured by extraction with ether and nitrogen analysis, in the normal urine of the snakes Zambenis diadema and Eryx thebaicu8, the turtle Chdlone myda8 and the lizard Chacide8 ocellatus.
A number of aromatic acids have now been fed to six species of reptile and it is shown below that, while in some cases a small amount of glycine conjugation occurs, the major amino acid conjugate excreted is an ornithuric acid.
MATERIALS AND METHODS
Beference compounds. L( + )-Ornithine was prepared from L( +)-arginine by enzymic hydrolysis (Hunter, 1939) at 00 till the purple colour faded. Acidification with conc. HCI gave L( +)-N2N5-bi8-(p-nitrobenzoyl)ornithine (pp'-dinitro-ornithuric acid), which after crystallization from ethanol had m.p. 1000, solidifying and remelting at 150-1600, [Oc] 25 6.00 in 0'1N-NaOH (c, 1) (Found: C, 52-5; H, 4-8; N, 11-9. C19H18O8N4,Et OH requires C, 52-9; H, 5-1; N, 11.8%). It had Ama.. 270mp and cm.. 24000 in 0-1 N-NaOH or 0-1 N-HCI.
DL-N2N6-Bi8-(p-nitrobenzoyl)ornithine, prepared similarly from DL-ornithine and crystallized from ethyl acetate and dilute acetic acid, had m.p. 1930 (Found: C, 52-7; H, 4-2;  N, ,08N4 requires C, 53 0; H, 4-2; N, 13-0%).
L( + )-N2Nr-Bis-(p-nitrobenzoyl)ornithine (1.1 g.) in 100 ml. of H2O was heated on a steam bath for 0.5 hr. with FeSO4,7H2O (7.2 g.) and K2CO3 (4.1 g.). The crystals (0.8 g.) which formed on cooling the filtrate were recrystallized from water and the L( + )-N2N5-bi8-(p-aminobenzoyl)-ornithine (pp'-diamino-ornithuric acid) had m.p. 1820, [uc] D2 70 in 0-1 N-NaOH (c, 1) (Found: C, 60-4; H, 5 9; N, 15.1. C19H2204N4 ,0 5H20 requires C, 60-1; H, 6 1; N, 14-8 %) . DL-N2N5-Bi8-(p-aminobenzoyl)ornithine, m.p. 1910, was similarly prepared from the inactive nitro compound (Found: C, 60-4; H, 5-8; N, 14-8 C1,H2006N2 requires C, 61-3; H, 5-4; N, 7.5%).
p-Aminobenzoylglucuronide was prepared biosynthetically (cf. Bray, Lake, Neale & Thorpe, 1948) . p-Aminobenzoic acid (6 g.) was fed to three rabbits and the glucuronide gum obtained by the lead acetate procedure (cf. Kamil, Smith & Williams, 1951) . This gum contained much free p-aminobenzoic acid, which crystallized on standing. The lead acetate separation was therefore repeated on the glucuronide gum and a second clear glucuronide gum (300 mg.) obtained free from p-aminobenzoic acid. This was treated with 100 mg. of p-anisidine in 2 ml. of water, when a crystalline precipitate of the p-ani8idine salt of p-aminobenzoyl glucosiduronic acid was obtained (150 mg.). After crystallization from water it had m.p. 1840, [a] 25 -50 in water (c, 1) (Found: C, 50-7; H, 5-8; N, 5-7. C20H2409N2, 2H20 requires C, 50-8; H, 6-0; N, 5.9%).
Another preparation of the glucuronide gum, after free p-aminobenzoic acid has been filtered off, was methylated and acetylated (cf. Kamil et al. 1951) Administration pf compounds. These were given by subcutaneous injection as their sodium salts or as the free acids orally in gelatin capsules. Paper ionopkoresi. Compounds were applied as 2 mm. diameter spots to 8 cm. x 50 cm. strips of Whatman no. 1 paper moistened with electrolyte. These strips were clamped between 45 cm. sheets of plate glass and the ends dipped into reservoirs of electrolyte containing carbon electrodes. A potential difference of 500v was applied across 45 cm. of paper. When 0-02N-NaOH, 0-02N-HCI or Britton & Robinson (1931) buffer (British Drug Houses Ltd.) was used, the current was about 1 mA/cm. width of paper. For identifications the 'unknowns' were run side by side with reference compounds for periods of 1-2 hr. No significance could be attached to the absolute directions of migration since no allowance was made for electro-osmotic effects. Migrations are therefore quoted in Table 2 
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to that of p-aminobenzoic acid to show the degree of separations achieved.
Paper chromatography. This was carried out by downward displacement as in earlier papers (e.g. Smith, Smithies & Williams, 1953) Large-8cale partition chromatography. When this was carried out on sheets of Whatman no. 3 MM or no. 1 paper the solutions were applied as bands 2 cm. wide across the width of the paper. Partition columns were also used. In the latter, diatomaceous earth (Hiflo Supercel, Johns Manville Co. Ltd.) was rubbed with approximately its own weight of the lower layer of a partition system to give a dry, crumbly powder. This was suspended in the top layer of the solvent mixture and the slurry poured into a glass tube plugged loosely at the lower end with cotton wool. After being allowed to settle, the column was washed with one column-length of upper layer and the lower end stoppered when the solvent reached the level of the filing. Mixtures for separation were dissolved in a little lower solvent layer and stirred with enough Hiflo Supercel to give a dry powder. This mixture was placed on top of the column and development with upper solvent layer started. Volumes of eluate were collected periodically and tested on paper chromatograms to see the progress of the separation.
Detection of compounds on paper. Colour reactions and fluorescence phenomena described previously (Friedler & Smith, 1954) were used. In general the ornithine conjugates behaved in these tests in the same way as the glycine derivatives. Hippuric acids were also detected by the orange or red colours given by the specific reaction of Gaffney, Schreier, Di Ferrante & Altman (1954) and aromatic amino compounds were revealed as yellow spots when sprayed with a mixture of equal volumes of 1 % (w/v) ethanolic p-dimethylaminobenzaldehyde and 0 5u-HC1.
Both N2-and N5-p-aminobenzoylornithines were detected as purple spots by the ninhydrin reagent.
Quantitative measurements. Lizards were kept in covered 51. beakers at 30-35°and the exereta washed out periodically into 25 ml. graduated flasks with aq. 0-1N-NH3. Alligators were kept as described above, the urine being diluted to 25 ml. Small volumes (usually 0-1-0-2 ml.) were separated on Whatman no. 3 MM paper in solvent E and the zones corresponding to different metabolites eluted chromatographically with water and assayed by the Bratton & Marshall (1939 ) method (cf. Friedler & Smith, 1954 . Calibration curves were constructed for each metabolite, using the Unicam SP 600 spectrophotometer, and recoveries of known amounts of material, after chromatography and elution, ranged from 90 to 100%.
RESULTS

Chromatographic experiments
The acids were administered to the reptiles at a dose level of 0-2 mg./g. and excreta collected as described above. Spots of liquid urine (tortoises, alligators) were chromatographed directly. Solid excreta (snakes, lizards) were stirred to a cream with N-NH3 and the liquid was filtered before chromatography. Results of chromatographic identifications are summarized in Table 3 . In some experiments, where trace amounts could not be identified with certainty, large-scale paper chromatograms were run, appropriate zones were eluted and the concentrated eluates examined on further chromatograms.
The elimination of excretory products was slow and irregular. Diazotizable amines were detectable in snake excreta 6 weeks after dosing with p-aminobenzoic acid and in lizards after 3 weeks. Metabolites other than hippuric acids or ornithuric acids were present in the excreta after each aromatic acid had been fed but these were further investigated only in experiments with p-aminobenzoic acid (see below).
Isolation of hippuric and ornithuric acid from tortoise urine A tortoise (Testudo graeca) weighing 900 g. was given 50 mg. of benzoic acid by mouth and kept on a funnel for 24 hr. The urine (10 ml.) reduced Beiedict solution and gave a positive naphtharesorcinol reaction. It was evaporated to dryness in vacuo and extracted with a little aq. 2 N-NH3. After insoluble material had been filtered off the solution was applied as a strip 2 cm. x 30 cm. on Whatman no. 1 paper and separated in solvent G. Bands which quenched the paper fluorescence, corresponding to the R. values of hippuric acid and ornithuric acid, were cut out and eluted chromatographically with water. Acidification of the ornithuric acid eluate gave a precipitate which was crystallized from water (13 mg.). This had m.p. 1840, not depressed by mixture with authentic L-ornithuric acid, and [cx]D 9 3 in 0-1N-NaOH (c, 1-5) (Found: C, 67-2; H, 5-9; N, 80. C19H2004N2 requires C, 67-0; H, 5-9; N, 8.2%). In another experiment in which 200 mg. of sodium benzoate was injected subcutaneously, 18 mg. of L-ornithuric acid was isolated from the first day's urine.
The hippuric acid zone on a large-scale paper chromatogram in solvent G was eluted with water and rechromatographed in solvent F. The eluate of the zone giving the colour reactions of Gaffney et al. (1954) gave a very small precipitate on acidification, which after crystallization from water had m.p. 1880 (0-2 mg.), not depressed by mixing with hippuric acid.
In a similar experiment with the water tortoise (Emy8) 100 mg. of benzoic acid was given orally and the first day's excretion examined. L-Orni- The excreta of the reptiles in these quantitative experiments was usually entirely urine but in some experiments with alligators this was contaminated with faeces. In these experiments the diazotizable amino compound present was almost entirely p-aminobenzoic acid. Qualitative experiments showed that alligator faeces, which appeared to consist mainly of the earth from the earthworm diet, enzymically hydrolysed bis-p-aminobenzoylornithine to p-aminobenzoic acid; a small amount of N5-p-aminobenzoylornithine was also produced. Prolonged exposure of the urine to the faeces resulted in the disappearance of any diazotizable amine. Experiments with obvious faecal contamination were therefore rejected.
Identification of ornithine conjugates. Six green lizards were each given 25 mg. of p-aminobenzoic acid by mouth and the excreta were collected for 6 days. The exereta were roughly ground and extracted with 20 ml. of boiling water for 30 sec. The filtrate was evaporated to dryness in vacuo and the residue separated on a partition column 2 cm. diam. x 50 cm. with solvent system E. Eluates containing material behaving like p-aminobenzoic acid and bis-p-aminobenzoylornithine on test paper chromatograms were collected.
The eluates containing bis-p-aminobenzoylornithine were evaporated to small bulk and further purified by large-scale chromatography in solvent system A. Insufficient material was obtained for preparing solid derivatives but the product behaved identically with bis-p-aminobenzoylornithine in each of the solvent systems of Table 1 and at each of the pH values of Table 2 in ionophoresis experiments. Hydrolysis with N-HCI at 1000 for 4 hr. gave a mixture containing paminobenzoic acid, ornithine and N2-and N5-paminobenzoylornithines, which were detected chromatographically. Bioch. 1958, 69 Vol. 69 513 Material remaining on the original partition column was eluted with 500 ml. of water. After evaporation, the residue gave an intense naphtharesorcinol reaction and reduced Benedict solution. It was separated by large-scale chromatography on paper in solvent E into two fractions X and Y. The slower-moving one (Y) was eluted and was identified as N5-p-aminobenzoylornithine by paper chromatography and ionophoretic experiments. No N2-p-aninobenzoylornithine was found.
In other experiments, bis-p-aminobenzoylornithine and small amounts of N5-p-aminobenzoylornithine were separated and identified in the excreta of Natrix, Testudo and Caiman by the methods described above.
Identification of p-aminobenzoylglucuronide. The faster-moving band (X) on the large-scale paper chromatogram in solvent E was eluted and behaved identically with p-aminobenzoylglucuronide when chromatographed in the solvent systems of Table 1 . It also migrated at the same speed as the glucuronide in the ionophoretic systems of Table 2 .
The eluate, which gave an intense naphtharesorcinol reaction, was hydrolysed with locust-crop fluid (which contains a fl-glucuronidase) or by boiling for 1 min. with N-NaOH, to give p-aminobenzoic acid and glucuronic acid, which were identified on paper chromatograms. Quantitative naphtharesorcinol estimations of glucuronic acid (see Mead, Smith & Williams, 1958) gave values equivalent to a total of 14 mg. of p-aminobenzoylglucuronide in this eluate. The same value was also obtained by the Bratton & Marshall (1939) diazo estimation by using a calibration curve prepared from authentic p-aminobenzoylglucuronide. The eluate had an absorption maximum at 270 mp in 0 1N-NaOH, with an intensity corresponding to the presence of 15-4 mg. of p-aminobenzoylglucuronide, if this was assumed to be the only absorbing material present.
In other similar experiments p-aminobenzoylglucuronide was identified in the excreta of Natrix, Testudo and Caiman. Identification was made, as above, by chromatography, ionophoresis and hydrolysis to p-aminobenzoic acid and glucuronic acid.
p-Aminohippuric acid. Only traces of p-aminohippuric acid were detected in the excreta of the lizards and snakes used. Tetudo and Caiman excreted a greater proportion of this conjugate and excreta from these species were separated in largescale paper chromatograms in solvent E. The band corresponding to p-aminohippuric acid was eluted and shown to contain material behaving identically with the reference compound in all the solvent systems used for chromatography and at each of the pH values used for ionophoresis. Hydrolysis of the eluate with N-HC1 for 2 hr. at 1000 gave paminobenzoic acid and glycine, which were identified on paper chromatograms (cf. Friedler & Smith, 1954) .
DISCUSSION
Except for the data on reptiles quoted above, evidence for the existence of an ornithine conjugation is confined to birds. Information about birds is almost entirely concerned with the hen, which is well known to form ornithuric acids from ingested aromatic acids. Experiments with enzymes suggest that ducks and pigeons may also be capable of this conjugation (Schachter, Manis & Taggart, 1955; Efimochkina, 1951) . Small amounts of a glycine conjugate may occur in the hen (Suga, 1919) and N2-and N5-substituted ornithines have been detected by Wu Chang & Johnson (1957) after nicotinamide had been fed to chicks. Similarly, small amounts of N5-substituted ornithine and a glycine conjugate have been found in the reptile experiments.
All orders of terrestial vertebrates which have been investigated, including reptiles and birds, possess to some degree the ability to conjugate aromatic acids with glycine and glucuronic acid. It is only in reptiles and birds where the additional reaction with ornithine is possible, and it is of interest to consider the evolutionary relationship of these two groups to the rest of the vertebrates (Fig. 1) . Present-day birds and reptiles are thought to have evolved from a different group of primitive reptiles from the reptilian ancestors of the modern mammals (see Young, 1950 There appears to be a relation between the presence of the ornithine conjugation and the excretion of waste nitrogen as uric acid. It may be significant that in the developing hen's egg the ornithine conjugation appears at the same time as the change to full uricotelic metabolism (Takahashi, 1928) . Hens, the grass snake and the two species of lizard studied are all uricotelic animals (see Prosser, 1950, for summary) and it is in these species that the ornithine detoxication predominates over the formation of hippuric acids. The alligators and both aquatic (Emys) and terrestial (Testudo) tortoises are partly uricotelic and partly ureotelic. In these species the proportion of hippuric acids formed is much higher (e.g. Table 4 ) though the ornithuric acid is still the major metabolite. Florkin (1949) has suggested that the mixed nitrogen metabolism in ancient orders like tortoises and crocodiles is a reflexion of their primitive nature, and he distinguishes them from the more recently evolved lizards and snakes. It is possible that the retention of a glycineconjugating mechanism alongside the main ornithine detoxication is a similar relic of their amphibian ancestry.
The coincidence of uricotelism with an ornithine conjugation need not necessarily indicate any direct metabolic connexion between the two processes. The advantage of uric acid to organisms reproducing via a cleidoic egg has frequently been pointed out (e.g. Baldwin, 1948) , but this in its turn may have introduced another biochemical problem. In the synthesis of uric acid by bird liver, four of the carbon atoms arise directly or indirectly from glycine, and the excretion of the daily intake of -nitrogen must create a greater need for glycine in uricotelic than in ureotelic animals. It seems reasonable to believe that in the early stages of evolution of the reptilian ancestors of the birds the glycine-sparing action of an ornithine conjugation might have been an evolutionary asset.
Although ornithine conjugation has been found, so far, only in association with a uricotelic nitrogen metabolism, the converse is not true. Insects are primarily uricotelic but those species for which results are available form hippuric acids from aromatic acids (Smith, 1955a) . The mechanism of the synthesis of uric acid in insects is not known; but it is of interest that, of the few insects whose requirements are known, two (Aedes and Blatella) require glycine as an essential amino acid (Levinson, 1955 A method has been described (Goodall, 1954) for calculating the amounts of each component in a mixture of two substances when separation in, say, a Craig machine, is incomplete. Pairs of tubes containing reasonable amounts of both substances are selected, and the amounts of the components found by solving sets of simultaneous equations. The possibility of extending the method to more than two components was also pointed out. By an adaptation of standard statistical techniques it is now shown to be possible to calculate not only the composition of a mixture, but also the values of the partition ratios of the components if these are unknown, even when quite a small degree of separation has been achieved by countercurrent distribution. All the relevant tubes are used in one operation.
Apart from its obvious value in enabling information to be obtained in general countercurrentdistribution experiments, the method might occasionally have useful analytical applications. Thus for a pair of acids difficult to separate or to determine in the presence of each other, a system might be found for which a partial separation could be obtained in a relatively small number of countercurrent transfers. From a knowledge of the distribution ratio of each pure substance, and a measurement of the total acidity in each tube, the amount of each acid can be found. Examples are described below.
Bacher (1951) has described a simpler method from a different viewpoint for calculating partition ratios, by using all the relevant tubes in a zone, and has extended the method to the analysis of mixtures. The latter analysis, however, requires more than one measurement (e.g optical density at different wavelengths) on each tube. Bland, Hillis & Williams (1952) also discuss this method of finding partition ratios. These procedures, although less elaborate, are of less general application than those proposed here.
THEORETICAL
As is well known, when A units of a substance of partition ratio KA have been submitted to n transfers in a countercurrent apparatus of the Craig type the amount of substance, YI, in tube r is given by the expression Y, = Aa7, where a, is the appropriate term of the binomial distribution, which can be calculated (Williamson & Craig, 1947) or found from suitable tables (Eisenhart, 1952) when KA and n are known. There will be a series of such equations, one for each tube. If Y, is measured experimentally and A is unknown then a, can be treated as an independent variable and Y, as a dependent variable in the series of equations. The best estimate of A, when all the tubes containing measurable amounts of substance are used, is then found by the method of least squares. If A were known the true value of Y, would be Aac, and the difference between this value and the experimental value of Y, is Y, -Aa. The principle of least squares states that the best estimate of A from the experimental data is the value which makes the sum of the squares ofthese differences, E( Y,-AAa,)2, a minimum. By the usual process of differentiating and equating to zero we then get (removing the subscript r)
A -z Ya/2a2.
(1)
One can also calculate a sum of squares, R, representing the deviations of the experimental
